Advanced age is associated with reduced brain levels of long-chain polyunsaturated fatty acids, arachidonic acid (AA) and docosahexaenoic acid (DHA). Memory impairment is also a common phenomenon in this age. Two-year-old, essential fatty acid-sufficient rats were fed with fish oil (11% DHA) for 1 month, and fatty acid as well as molecular composition of the major phospholipids, phosphatidylcholine and phosphatidylethanolamine (PE), was compared with that of 2-month-old rats on the same diet. DHA but not AA was significantly reduced in brains of old rats but was restored to the level of young rats when they received rat chow fortified with fish oil. This effect was pronounced with diacyl 18:0͞22:6 PE species, whereas levels of 18:1͞22:6 and 16:0͞22:6 remained unchanged in all of the three PE subclasses. Fish oil reduced the AA in the old rat brains, diacyl and alkenylacyl 18:0͞20:4 PE being most affected. Phosphatidylcholines gave less pronounced response. Six genes were up-regulated, whereas no significant changes were observed in brains of old rats receiving fish oil for 1 month. None of them except synuclein in young rat brains could be related to mental functions. Old rats on the fish-oil diet did not perform better in Morris water maze test than the control ones. A 10% increase in levels of diacyl 18:0͞22:6 PE in young rat brains resulted in a significant improvement of learning capacity. The results are interpreted in terms of the roles of different phospholipid molecular species in cognitive functions coupled with differential responsiveness of the genetic machinery of neurons to n-3 polyunsaturated fatty acids. B rain is one of the organs rich in phospholipids, which provide the building blocks for different membrane structures. These phospholipids are rather rich in long-chain polyunsaturated fatty acids, particularly in docosahexaenoic acid (DHA) and arachidonic acid (AA). DHA content of brain phospholipids seems to be precisely controlled. It is determined during pregnancy and early postnatal life (1, 2). There is a consensus that after this time it is almost impossible to alter brain fatty acid composition of adult, essential fatty acid-sufficient rats. On the other hand, any imbalance in polar head group or fatty-acid composition of structural lipids might have consequences on mental performance. Loss in DHA in brains of persons with Alzheimer's disease is accompanied with loss of memory and learning (3). In aged persons, impairment of memory also often takes place, and this is accompanied with loss of DHA in their brains (4-6). It has been shown that chronic administration of DHA to essential fatty acid-deficient young rats restores DHA levels in brain and improves memory (7). Similarly, DHA administration to ischemic rats had beneficial effect on spatial cognitive deficit (8). Moriguchi et al. (9) showed also that full recovery of brain DHA in essential fatty acid-deficient rats was obtained after 8 weeks on a DHA-containing diet. Hashimoto et al. (10) demonstrated that DHA provided protection from impairment of learning ability in rats with Alzheimer's disease, and McGahon et al. (11) showed that dietary DHA improved long-term potentiation in dentate gyrus of rat brain. Because the total fatty acid compositions of phospholipids were determined in most of these studies it seemed interesting to carry out detailed investigations on the impact of dietary fatty acids, rich in DHA, on the molecular composition of brain phospholipids and relate these data with mental performance. However, because it can be hypothesized that these functions are more complex than a simple function of brain lipid composition, effect of DHA on gene expression in aged rats was also studied.
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Materials and Methods
Animals and Diet. Two-and 24-month-old rats were used in this study. Rats were fed either commercial rat chow (16:0 ϭ 13.6%, wt͞wt, of total fatty acids, 18:0 ϭ 3.1%, 18:1, ϭ 17.0%, 18:2 ϭ 51.0%, 20:4 ϭ 0.1%, and 22:6 ϭ 1.2%) or rat chow supplemented with fish oil (16:0 ϭ 13.4%, 18:0 ϭ 7.1%, 18:1 ϭ 23.0%, 18:2 ϭ 21.2%, 20:4 ϭ 0.8%, 20:5 ϭ 2.8%, and 22:6 ϭ 11.2%). Brains were snap-frozen and stored at Ϫ70°C until processing.
Analysis of Lipids. Lipids were extracted according to Folch et al. (12) . Fatty acid composition of choline and ethanolamine phosphoglycerides separated by thin-layer chromatography according to Fine and Sprecher (13) was determined by gas chromatography using an FFAP column (30 m, 0.25 mm i.d., Supelco). Molecular species composition of choline and ethanolamine phosphoglycerides was determined as described in detail by Takamura and Kito (14) . Diaryl glycerides, obtained by phospholipase C digestion using Bacillus cereus lipase (Sigma), were anthroxylated, and the derivatives were separated into phosphatidylethanolamine (PE) subclasses by thin-layer chromatography. Acetonitrile͞isopropyl alcohol (75:25) as solvent was used to resolve the individual molecular species by HPLC. Derivatized 12:0͞12:0 diglyceride was used as secondary standard.
Learning Test. Spatial learning was studied after the fourth week of dietary regime by using the Morris water escape task (15) . During each of five daily sessions the animals received four trials. The escape latency reaching the hidden platform was registered at each trial. The escape platform was located always in the same quadrant of the circular swimming pool. The trial was terminated as soon as the rat climbed on the escape platform or when 90 s had elapsed, whichever occurred first. The daily mean escape latencies and the latencies of the first trial at each daily session were applied to statistical analysis. The latency to reach the hidden platform at the first trial reflects the reference memory best; therefore, this measure is shown in the present work.
Gene Expression. Gene expression was studied by DNA microarray technique as described (16) (17) (18) (19) . Briefly, a linear sample amplification protocol was used to amplify total RNA isolated from rat brain regions by using a NucleoSpin RNA purification kit (Macherey & Nagel). For generating fluorescent-labeled probes, random-priming-directed reverse transcription was used. After purification of labeled probes (from both treated and control animals), they were applied onto an in-house spotted 3,200 rat DNA microarray, hybridized for 16 h at 42°C, washed, and scanned by using a ScanArray Lite scanning confocal fluorescent scanner (GSI Lumonics, Billerica, MA) with 10-nm resolution.
A measure, i.e., ''expression ratio,'' denoting the median of the set of background-corrected single-pixel intensity ratios of Cy3 and Cy5 channels within the spot was determined by using the SCANALYZE2 software (www.microarrays.org͞software.html). The calculated average expression ratio for all features on the array was normalized to 1.0. For background corrections those data were considered as negatives for which the average intensity of the spot was smaller than two times the average background of the same area. Significant spots have Ͼ0.55 CHGTB2 values (denotes for the fraction of pixels in the spot Ͼ1.5 times the background) in both channels. Replica spots (on the same array) and replica experiments (two different arrays with ''color-flip'' labeled probes) resulted in four data points for every gene sample. Those spots were excluded from further analysis for which ratios of the replica spots had Ͼ2-fold differences. The same restriction was applied for the average ratios of the replica experiments.
In the case of seven genes, gene-expression changes observed from microarray experiments were confirmed by quantitative real-time PCR experiments using a RotorGene 2000 instrument (Corbett Research, Sydney) with gene-specific primers and SyberGreen protocol.
Statistics were calculated by using the one-way ANOVA method.
Results
Fatty Acids. Tables 1 and 2 show the fatty acid composition of choline and ethanolamine phosphoglycerides in brains of young control and 2-year-old rats, as well as of rats kept on a fish-oil diet for 1 month. AA and DHA levels were low in choline phosphoglycerides irrespective of the age and diet. However, there was a small increase in DHA content in fish oil-fed young rat brains. Table 2 shows that the fish-oil diet resulted in an increase of DHA from 17.2% to 19.5% (P Ͻ 0.05) in ethanolamine phosphoglycerides in brains of young rats. AA was reduced from 9.3% to 8.7%, but the difference did not reach the significance level. There is a small but significant (P Ͻ 0.05) reduction in DHA level in ethanolamine phosphoglycerides of old rats compared with young ones (16.0% vs. 17.2%) ( Table 2) . Fish-oil feeding completely restored the DHA level (P Ͻ 0.01) and rendered it indistinguishable from that observed with young animals (17.21% vs. 17.22%). Interestingly, we found higher AA levels in the ethanolamine phosphoglyceride fraction of old rat brains (9.3% vs. 10.9%), but this was reduced from 10.92% to 9.32% (P Ͻ 0.01), and this value is identical with that obtained for young animals ( Table 2 ). Increased levels of AA in ethanolamine phosphoglycerides in brains of old rats is a result of elevated levels in the 18:0͞20:4 species (Table 3 ).
Molecular Species.
Only diacyl species of choline phosphoglycerides, consisting of 93-95% of the total, are shown in Table 3 . Species 18:0͞22:6 responded to the fish-oil diet with a small increase from 3.3% to 4.7% in brains of young rats. As expected from Table 1 , levels of 18:0͞22:6 were lower in brains of old rats but fish-oil feeding did not result in a significant accumulation of this species. There is a small increase in 18:0͞20:4 in old rat brains receiving fish oil, but the difference did not reach the P Ͻ 0.05 significance level. Because ethanolamine phosphoglycerides are the mixtures of three different subclasses, molecular species composition of diacyl, alkylacyl, and alkenylacyl subclasses was separately determined. The diacyl subclass makes up 42-45%, whereas alkylacyl and alkenylacyl subclasses make up 4-10% and 45-50%, respectively, of the total. In Table 4 molecular species composition of DHA-containing ethanolamine phosphoglyceride subclasses is given in relation to age and diet. The data on distribution of diacyl 18:0͞22:6 species agree well with the fatty acid composition data; i.e., there is a significant (P Ͻ 0.05) reduction in its level in old rat brains. This comparison also clearly shows that dietary treatment brought about an increase in levels of diacyl 18:0͞22:6 species from 28.9% to 32.9% in young rats (P Ͻ 0.05) and from 25.1% to 29.6% in old rats (P Ͻ 0.05). Diacyl 18:1͞22:6 and 16:0͞22:6 did not respond at all. Alkylacyl 18:1a͞22:6, 16:0a͞22:6, and 18:0a͞22:6 (''a'' indicates alcohol) responded differently in the two age groups. Fish oil brought about a decrease in young rat brains whereas it brought about an increase in its level in old rat brains. Only alkenylacyl 18:0a͞22:6 in young rats responded with an increase from 15.2% to 17.1% (P Ͻ 0.05). Table 4 compiles the data obtained on AA-containing PE subclasses as well. The level of AA-containing diacyl 18:0͞20:4 species was identical in the brains (24.1% vs. 22.1%). Fish-oil feeding brought about a significant (P Ͻ 0.05) decrease in the level of this species in young rats, and the same tendency was seen in old rats. Interestingly, alkylacyl 18:0a͞20:4 accumulated AA in fish-oil-fed young rats (from 6.3% to 9.7%), whereas the opposite trend was observed with old rats. Molecular species composition of alkenylacyl subclasses was almost identical in young and old rats and remained unaffected by the diet. Table 5 summarizes the overall distribution of different ethanolamine phosphoglyceride subclasses in relation to diet and age. This approach clearly shows the differences between the young and old rats and the differential effect of the fish-oil diet on brain-lipid composition. The level of total DHA-containing diacyl PE subclasses was lower in brains of old rats (33% vs. 37.3%). Fish-oil feeding brought about an increase of their levels in both young and old rat brains in a manner in which their levels in old rat brains become identical with that in young rat brains receiving the control diet (38.3% vs. 37.3%). This approach also shows that a large amount of 22:6 was accumulated in alkylacyl The alkenylacyl subclass remained silent. The diacyl AAcontaining subclasses responded to the fish-oil diet with a decrease in their levels. The alkenylacyl subclasses remained virtually unaltered, but the alkylacyl subclasses gave an opposite response: there was an increase in young rat brains and a decrease in old rat brains.
Spatial Learning. Fig. 1A shows that young rats on fish oil tended to perform better in Morris water maze test than the control ones the difference reached the P Ͻ 0.05 significance level at the third session (t ϭ 2.24, df ϭ 17, P Ͻ 0.05). In contrast, the old rats fed the fish-oil diet did not show improvement in their spatial memory (Fig. 1B) , indicating that elevated levels of DHA might not have been sufficient to evoke the known beneficial effect of n-3 polyunsaturated fatty acids on learning. Performance was also not different from that of the old rats when the main latencies per session were computed (data not shown). Furthermore, when we evaluated the daily improvement during the test, we found that young rats showed a highly significant learning effect throughout the course of five daily sessions (F 4,68 ϭ 49.03, P Ͻ 0.0001), whereas aged rats just reached significance in improvement of their daily memory performance (F 4,56 ϭ 3.88, P Ͻ 0.05, ANOVA with repeated measures).
Gene Expression. Because earlier we showed that a fish-oil diet brought about an overexpression of a number of genes in young rats, gene expression was also studied in this experiment. Actually, 55 genes were found overexpressed and 47 genes repressed in brains of rats receiving fish oil from conception until adulthood (16) . In contrast, only six genes were up-regulated and no gene appeared to be repressed in brains of young rats receiving fish oil for only 1 month (Table 6 ). Among the up-regulated genes was the gene encoding the ␣-synuclein and transthyretin. In brains of old rats receiving identical diets there was no significant change in the gene expression patterns (Table 7) .
Discussion DHA-and AA-containing phosphoglycerides have been proposed to play a special role in biomembranes including those of neurons. This fact is due to their favorable biophysical properties such as high motility and motional freedom (20) (21) (22) (23) . DHAcontaining phospholipid molecular species might affect the blood-brain barrier (24) , neurotransmission (4, 22, 25) , or ionic channels (26, 27) . However, all of our knowledge on biophysical properties of membranes is based on results obtained on choline phosphoglycerides. As shown, these phospholipids did not respond to dietary intervention and thus might not have been involved in improved mental activities. The phospholipids responding to dietary fatty acids were the ethanolamine phosphoglycerides, particularly diacyl 18:0͞22:6. Some biophysical parameters of ethanolamine phosphoglycerides differ from those of choline phosphoglycerides. For instance, in model experiments, diacyl PEs, in contrast to sn-1 saturated͞sn-2 unsaturated diacyl phosphatidylcholines, tended to increase membrane packing (28); thus, changes in the molecular architecture and biophysics of neural membranes might be the opposite of those expected based on choline phosphoglycerides. In addition, ethanolamine phosphoglycerides are cone-shaped and are prone to form so-called nonbilayer phases, in contrast to choline phosphoglycerides, which adapt a cylindrical shape and do not form nonbilayer phases. The importance of propensity to form nonbilayer phases of diacyl PEs in binding G proteins has already been demonstrated (29, 30) and has suggested a role of DHAcontaining phospholipids in G protein-coupled signaling pathways. Furthermore, choline phosphoglycerides enrich the outer leaflet of membrane bilayer whereas ethanolamine phosphoglycerides enrich the inner leaflet. Brain is known to retain DHA for a long period; to reduce its level in ethanolamine phosphoglycerides, the main pool of this fatty acid, at least two generations are needed. Aging is a physiological process whereby DHA level diminishes in brain phospholipids, first of all in ethanolamine phosphoglycerides (5, 6) . Loss of DHA in aged individuals is connected with a decline of cognitive functions such as learning and memory. It is tempting to speculate that this decline in memory can be paralleled with reduced levels of diacyl 18:0͞22:6 PE. The present results show that DHA level can be restored in essential fatty acid-sufficient old rats to a normal level within a relatively short period: in our experiments 1 month of fish-oil feeding was sufficient to increase DHA in all of the three subclasses of ethanolamine phosphoglycerides (Table 3) . Young rats on a DHA-poor diet for two generations needed 8 weeks to partially restore brain DHA when kept on an n-3-adequate diet (9). McGahon et al. (11) also found that a 2-month feeding period was necessary to recover the total amount of DHA in rat brain synaptic vesicles. Evidently, in our case the difference in DHA level between the control and experimental animals was less than in the above two cases, and this might explain the complete recovery of DHA in ethanolamine phosphoglycerides within 1 month.
AA is the second polyunsaturated fatty acid that might be affected during aging. We demonstrated in this study a slight but insignificant increase in AA level in total fatty acids (Table 2) , which might be due to an increase in levels of alkylacyl and alkenylacyl 18:1a͞20:4 as well as alkenylacyl 16:0a͞22:6 (Table 4) PE molecular species (Table 4) . Fish-oil feeding resulted in a decrease in AA-containing species first of all in diacyl 18:0͞20:4. McGahon et al. (11) showed that both DHA and AA supported long-term potentiation in hippocampus of rats kept on a fish-oil diet. In contrast to their results, in our experiments the aged rats kept on the fish-oil diet did not improve learning performance as did young rats. However, it should be considered that in our experiment the level of all of the PE subclasses containing AA in position sn-2 was slightly reduced by fish oil in aged rats (Table  3) . DHA has been shown to replace AA in phosphoglycerides in various tissues, including brain.
The increase in level of DHA-containing ethanolamine phosphoglycerides in brains of fish oil-fed young rats was paralleled with a better performance in the Morris water maze test (Fig.  1A) . In all of the experiments reported so far, animals raised for several generations on either essential fatty acid-deficient or sufficient diets were compared, and huge differences in brain DHA content were found (31) (32) (33) (34) . In those experiments, the diet restored DHA level and learning performance of essential fatty acid-deficient rats to the level of essential fatty acid-sufficient rats. In our experiment, level of DHA and DHA-containing PEs increased only by 10-15%. In a previous experiment in which the rats were kept on a fish-oil diet from conception until reaching adulthood, levels of diacyl 18:0͞22:6 were 34.1% (16) compared with 33.0% in the present study and with 30% in the control rats (Table 4) . Thus, this small increase in DHA levels appeared to Table 7 . Changes in gene expression in brain of 2-year-old rats receiving a DHA-enriched diet for 1 month be sufficient to produce a detectable effect on the reference memory of young rats. However, AA-containing PE molecular species do not seem to play a role in the observed improvement of the reference memory, because their levels significantly decreased at least in diacyl and alkenylacyl subclasses even more than in old rats (24.1% vs. 19% and 8.4% vs. 7.0% in young rats, and 22.1% vs. 20.0% and 7.9% vs. 6.5% in old rats, respectively; Table 4 ).
In addition, it is interesting to speculate that the genetic machinery of brain might also be involved in this kind of response. In a previous study (16), we found that several genes possibly related to cognitive functions (such as synucleins, the ATP-generating machinery, synaptic plasticity, signal transduction, ion channel formation, etc.) were overexpressed in brains of young rats receiving fish oil from conception until adulthood. In brains of young rats on fish oil, just for 1 month, only synuclein was overexpressed in addition to transthyretin, which was downregulated in the previous experiment (16) . Synucleins were shown to accumulate in brains of songbirds during the period of song learning (35) , whereas transthyretin binds thyroid hormone and thus prevents its insertion into neural membranes (36) and prevents amyloid formation (37) . In old rats none of these genes responded. These results suggest that brain responds to n-3 fatty acids in an age-and feeding-time-dependent manner. However, it is unclear at the present stage of experiments whether DHA interacts directly with the genetic machinery of neurons or its effects on gene expression pattern and molecular architecture of membranes are unrelated events. From the fact that fish oil-fed old rats failed to perform better in a learning test (Fig. 1B ) one may conclude that elevated level of DHA or DHA-containing PEs alone cannot be made responsible for their observed beneficial effect on mental activities. Based on these observations, we put forth the hypothesis that, besides the elevated level of these molecular species and altered molecular architecture of neural membranes, a number of genes, stimulated in young rats by these fatty acids in short-or long-term feeding experiments, but remaining silent in old rats in short-term feeding experiment, concertedly take part in supporting cognitive processes.
